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STUDIES IN EXPERIMENTAL FROSTBITE.
II. AN EVALUATION OF SEVERAL METHODS FOR EARLY
TREATMENT*
ROBERT E. LEMPKE AND HARRIS B. SHUMACKER, JR.
Experience with severe frostbite and other similar cold injuries dur-
ing the recent war demonstrated the inadequacy of our knowledge of
these conditions and the need for developing effective means for pre-
venting their serious sequelae. Great controversy exists concerning the
proper early treatment of severe frostbite. The radically divergent
opinions held arise from disagreement as to the exact pathogenesis of
tissuedamage inseverecoldinjury; variousworkers havingincriminated,
singularly or in combinations, the direct traumatic action of cold on the
protoplasm, the development of edema, vaso-constriction, silting of the
formed elements of the blood, and the formation of thrombi. Suggested
methods of treatment have differed according to which of these factors
was deemed most important. They have included alteration of the en-
vironmental temperature to which the part was exposed, anticoagulants,
and methods for altering the vascular tonus. No one method has been
established by clinical and by experimental study to be entirely reliable,
varying degrees of success have been reported with all.
The present study was undertaken with the object of investigating
the value of several methods in the early treatment of severe experi-
mental frostbite. It was hoped that some additional insight into the
pathogenesis oftissue damage in frostbite might alsobegained.
Materials and methods
White mice weighing from 20 to 25 ggm. were used. After anesthetization
with 1.5 mg. of Nembutal administered intraperitoneally, a line was drawn with
indelible ink around the tail of each mouse 6 cm. from the tip. This distance
constituted approximately two-thirds to three-fourths of the extremity. The cold
injury was inflicted by immersion of the tail to the mark in an ether bath cooled
to -15°C. with solid carbon dioxide. Preliminary experiments had demonstrated
that a more uniform injury could be produced by a constant period of actual
solidification than by a uniform duration of exposure to the freezing mixture,
due to the elimination of individual differences in resistance to frostbite. There-
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fore, all the tails were exposed for 5 seconds after initial solidification of the skin
regardless of the time required for the beginning of freezing.
For those experiments in which it was desired to test the effect of heat and
cold applied locally to the frostbitten extremity while the remainder of the body
was exposed to room temperature, it was necessary to devise some means of
immobilizing the tail without trauma or constriction. This was satisfactorily ac-
complished by placing the animal in a dose-fitting, cylindrical cage made of
wire netting and with a glass-tube extension for the tail (Fig. 1)'. The desired
temperature was applied to
PSIDEOFCONSTANTTEMPERATUREWATER IATH the tail by placing it, endosed
OFROXIA
II CORK CYLINDRICAL WIRE CE in its glass tube, through a
WI;gRE hole in the side of a constant
- {e~ temperature water bath.
Heparin was injected in-
6M7BUBE RUBASKEF FOOD traperitonealy as a 0.1 per
cent solution in normal saline. FIG. 1. Apparatus used for the direct application of Coaution im were de- heat or cold to the frostbitten tail of a mouse. Coagulation times were de-
termined by the method of
Kruse and Campbell13 on blood obtained by slicing off the tip of the tail with a
razor. Using this technique, the normal coagulation time of mice was found to
range from 1 to 4 minutes (average: 2.6 minutes). Since the tail proved to be the
orily suitable source of blood in the mouse and was also the extremity being used
to study frostbite, it was impossible to follow the effect of the anticoagulant
therapy in the animals actually being treated. Therefore, the determinations were
made on control mice receiving the same course of treatment as the subjects. Two
plans for theadministration of theanticoagulant wereused, oneutilized essentially
a 4-hour schedule and the other essentially a 3-hour schedule. The effect on the
dotting time of a single injection of heparin and of a second injection given 3
hours after the first is shown in Fig. 2. The mice receiving heparinby thefirstplan
were given 0.2 mg. of the drug every 3 hours for.4 doses and then every 4 hours
for 60 hours. On the other regime 0.15 mg. of heparin were injected every 2
hours for 4 doses, then every 3 hours for 2 doses, and finally 0.1 mg. every 3
hours for 60 hours. The coagulation times of mice receiving these courses of
heparinization are shown in Fig. 3. The second schedule resulted in a better
maintenance of the clotting time elevation and in a lower mortality from internal
hemorrhage.
Other mice were treated with tetraethylammonium chloride (Etamon Chlo-
ride*) injected intraperitoneally as a 0.1 per cent solution in normal saline. The
most prominent effect of this drug is the production of vasodilatation by block-
ing the efferent pathways of the sympathetic vasoconstrictor nerves in the
paravertebral ganglia.' The vasodilatation effect of this drug was determined
by measuring the skin temperature at the base of the tail with a thermocouple.
The elevation of the temperature produced by a single dose of from 0.1 to 0.3 mg.
is shown in Fig. 4. Since the larger doses were no more effective than the
smaller, 0.1 mg. was administered every hour for from 6 to 8 hours and then
every 3 or 4 hours for 3 days.
'Kindly supplied by Parke, Davis and Company, Detroit, Michigan.
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FIG. 2. The coagulation time of several mice following
the intraperitoneal injection of heparin.
Solid circles: Determinations of the coagulation time
followini the administration of a single dose of 0.2 m8m.
of heparin.
Open circles: Determinations following the administra-
tion of 0.15 mgm. of heparin at zero and 3 hours.
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FIG. 3. The coagulation time of several mice following re-
peated intraperitoneal injection of heparin.
Solid circles: Determinations of the coagulation time following
the administration of heparin in the amounts and at the intervals
indicated by the solid arrows.
Open circles: Determinations following the injection of heparin
as indicated by the open arrows.
The control animals
were merely returned to
their cages after freez-
ing. Daily measurements
of the surviving portion
of the frozen tail were
made and recorded until
no further change was
noted in the control ani-
mals and in the treated
mice once the particular
course of therapy had
been completed.
Results
After a variable
duration of exposure,
theskinofthe tails of
the mice froze, be-
coming white and
opaque. The freezing
first became evident
at the tip and then
within an interval of
a second progressed
centripetally to a
point about 2 ml.
proximal tothe upper
limit of immersion.
At the termination of
freezing, 5 seconds
later, the tail was al-
ways solidly frozen.
Thawing was com-
plete within 2 min-
uteswhen thisprocess
was allowed to take
place at room tem-
perature. The skin of
the frostbitten part
then became red and
warm and the veins
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FIG. 4. The skin temperature of the tails of several
mice following the intraperitoneal injection of tetraethyl-
ammonium chloride in amounts from 0.1 to 0.4 mgm. The
readings from the mice receiving 0.1 mgm. are connected
by lines.
Upper graph: The effect of a single injection of teta-
ethylammonium ion on the temperature of the skin at the
base of the tails of 3 mice.
Lower graph: The effect of hourly administration of the
drug on the skin temperature of the tails of 4 mice.
prominent; edema was
slight but discernible.
When it was to develop,
gangrene was usually visi-
ble at the tip of the tail on
the second day after freez-
ing. It progressively in-
volved theproximaltissues
and was followed by mum-
mification a day later. The
greatest tissue loss oc-
curred from the third to
the fifth day and was
usually maximal on the
seventh day. Spontaneous
amputation of the gan-
grenous tissue always took
place. Animals which died
from any cause within the
TABLE 1
THE EFFECTS OF VARIOUS METHODS OF IMMEDIATE TREATMENT ON THE SURVIVAL OF
THE DISTAL SIX CENTIMTERS OF THE TAIL OF THE MOUSE FOLLOWING FROSTBITE
No. of Duration Centimeters offrozen tai lost
mice Treatment of Rx 0.0 0.1-1.0 1.1-2.0 2.1-3.0 3.1-4.0 4.1-5.0 5.1-6.0
21 Controls 1 5 10 3 2
19 Cold: 1° to 30C. 72 hrs. 2 9 8
11 Mild cooling 72 hrs. 1 4 4 2
(at 20°C.) _
14 Heat40°C. 2 mins. 4 5 1 3 1
72 hrs.
19 Rapid thawing 2 mins. 14 2 2 1
(at 42
'C.)_
10 Etamon chloride 72 hrs. 3 4 2 1
20 Rapid thawing 2 mins. 19 1
plus Etamon 72 hrs.
chloride
18 Heparin q. 3 hrs. 72 hrs. 7 7 2 1 1
9 Heparin q. 4 hrs. 72 hfs. 3- 5 1
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week of exposure were not included in the analysis of results. They were
not numerous except in the series treated with heparin, especially that
groupreceivingtheanticoagulantevery 4 hours.
The results are
TREATMENT PER CENT OF TOTALLENOTH OF summarized in Tables
TAIL FROZEN WHICH SURVIVED 1 and 2 and inFigure
COOL.20'C. 61 5. Those mice which HEPARIN 4h.J 65.2 lost 1 cm. or less of
N ON E 170 --- 7.6 ETAMON 1-*-7.63 the 6 cm. frostbitten
HEAT.40'C. -16.5 were considered to HEPARINID3hrA.H
- CF have had a good re- RAPID THAWING 93.4.
RAPIDTAWI16"'EAMO sult and those which
TREATMENT PER CENT WITH 600DRESULTS developed no gan-
COLD. r'-ac.* . o- grene to have had an COOL.207C. . = excellent result. The
HEPARIN 4XAr. 33.3 data are alsoanalyzed
NEAT.40'C. .64.3 with regard to the
ETAMON_ -~1: 70.0 meanlossoftailfrom
RAPID THAWIN6 _* 84 - gangrene. RAPIDT A WIW61¶11affOM Twenty-one mice
TREATMENT PER CENT WITH EXCLNTREULT werereturned totheir
COOL.20'C. ... cages untreated after
HEPARINe4k.r*. *.O receiving the stand- NONE--
- C34.8 A~~rd cold injury. A
ETAMON 30.0 total of 126 cm. of HEPARI3 3fr. 3_.9 the tails of these con- RAPIDTHAWIN6G 1337 trol micewere frozen RAPIDTHAWINS'm'EKAMDN and 89 cm. or .70.6
FIG. 5. Results of treatment as judged by the ttal leIth per cent survived. of tail frozen which survived and by the good and eL Th results obtained. The mean loss was
1.76 cm. Only6 mice
(28.6 per cent) lost less than 1 cm. of the frozen tail. A single animal
(4.8 per cent) lost no tissue. A smaller series of animals after similar
coldinjury wereplaced in small individual cagessuch as wereused inthe
experiments testing the effect oflocally applied heat and cold. The inci-
dence and degree of gangrene were the same in this as in the largercon-
trol group. Hence, it was feltthatpossible trauma in the large cages and
confinement in the small cages did notinfluencesignificantly the results.
Therefore, the first series of mice serves as a control for all the treated
groups.
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After receiving the standard frostbite, the tails of 19 mice were ex-
posed to an environmental temperature of from 1 to 3°C. for 3 days.
Eleven of the 19 tails were placed in this cold atmosphere immediately
after removal from the freezing mixture, while the remaining 8 were
first allowed to thaw for 2 minutes at room temperature. Since no sig-
nificant difference was noted in the resultsobtained in the 2 groups, they
are considered as one. On the third day after freezing, when the tails
were removed from the cold environment, gangrene was usually not
apparent but developed rapidly thereafter. Of the 114 cm. of the tails
frozen only 43.6 (38.2 per cent) survived. The mean loss was over
twice that of the controls, 3.7 cm. There were no good or excellent re-
sults; no animal lost less than 2 cm. of its tail.
Eleven animals whose tails were similarly exposed for 3 days after
freezing to an atmosphere of 20°C. fared better, but not so well as the
control group. Sixty-six centimeters of their tails were frozen and 40.5
cm., or 61.4 per cent, survived. The mean loss was 2.32 cm. A single
mouse (9.1 per cent) lost less than 1 cm. of its tail, and none recovered
without any loss of tissue.
A group of 14 mice was treated by rapidly thawing the frozen tails
at 42°C. for 2 minutes and then exposing them to an atmospheric tem-
perature of 40°C. for 3 days. Of the 84 cm. of the tails frozen, 64.3
cm. (76.5 percent) didnotbecomegangrenous. The mean losswas 1.41
cm. In the case of 9 mice (64.3 per cent) less than 1 cm. of the tail was
lost, and in 4 of these (28.6 per cent) no tissue loss occurred.
Better results were obtained in a group treated by rapid thawing
alone. These 19 mice were treated by immediate immersion of the frost-
bitten tail in a water bath at42'C. for 2 minutes and no other treatment
was given. Of the 114 cm. of the tails frozen 106.5 cm. (93.4 percent)
did not become gangrenous. The mean loss was only 0.39 cm. In the
case of 16 animals (84.2 per cent) 1 cm. or less of the tail was lost, and
of these, 14 mice (73.7 percent) lost no tissue.
Ten mice were treatedby the administration oftetraethylammonium
chloride for 3 days without other treatment. Sixty centimeters of their
tails were frozen and 45.8 cm., or 76.3 per cent, survived. The mean
loss was 2.02 cm. Seven mice (70 per cent) lost less than 1 cm. of their
tails and of these 3, or 30 per cent, recovered without any gangrene.
Twenty animals received tetraethylammonium chloride for 3 days
after the immediate rapid thawing of the frozen tissue by immersion
in water at 42°C. for 2 minutes. Of the 120 cm. of the tails frostbitten
all save 0.6 cm. survived (99.5 per cent). Gangrene developed in only
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one tail. Therefore, in all 20 animals less than 1 cm. of the tail was lost
and in 19 (95 percent) of these no gangrene developed.
One series of 18 mice received anticoagulant therapy consisting of
the injection of heparin on the 3-hour schedule for 3 days starting im-
mediately after the exposure. A total of 108 cm. of the tails was frozen
and 94.9 cm. (87.9 per cent) remained viable. The mean loss was 0.73
cm. One centimeter or less of the tail was lost in each of 14 mice (72.2
per cent), while 7 (38.9 per cent) did not lose any tissue. Another
group of 9 mice was treated for 3 days with heparin administered every
4 hours in larger doses. Of the 54 cm. of their tails frozen 35.2, or 65.2
per cent, did not become gangrenous. The mean loss was 2.09 cm. In 3
mice (33.3 per cent) the tissue loss was 1 cm. or less in each. None sur-
vived without any gangrene.
In Table 2 are recorded the results of statistical analysis of the data.
With regard to the mean loss of tissue by gangrene the quotient was
obtained by dividing the difference between the mean loss of each
treated group and the mean loss of the controls by the respective
standard error of the difference of the mean. Similarly, in analyzing the
good and the excellent results the quotient was obtained by dividing the
difference between the proportion of good and excellent results in each
treated group and the controls by the respective standard error of the
difference of the proportion. A value of 2.5 indicates that the results
could be produced by chance alone only once in 81 times; a value of 3.0
indicates odds of only one in 369 of getting such results by chance. It
will be seen that the results with regard to mean loss of tissue were sig-
nificantly worse in these animals treated by prolonged exposure of the
tails to a cold environment and significantly better in those treated by
the more intensive schedule of heparinization, by rapid thawing, and by
rapid thawing plus the administration of tetraethylammonium chloride.
When analyzed from the standpoint of good and excellent results the
outcome in these same groups is also seen to be significant. In addition,
results in the groups treated by rapid thawing plus continued exposure
to a warm atmosphere and by administration of tetraethylammonium
chloride appear to be probably significant. If an analogy to frostbite in
man can be drawn, analysis of good and excellent results is more im-
portant than analysis of the outcome as judged by mean loss of tissue.
Patients surviving frostbite of the feet, for example, who escape with
minimal gangrene are fortunate indeed. If gangrene extends beyond a
certain point in the metatarsal area, however, variations in the extent of
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TABLE 2
RESULTS OF TREATMDNT UPON DEVELOPMET OF GANGRENE
Overallloss of
tissue Goodresults Excellentresults
Treatment % ofmice Mean Duff, with 1 cm. or Duff. % ofmice Duff.
loss /S.E. less of /S.E. with no /S.E.
incm. duff. gangrene duff. gangrene duff.
None 1.76 28.6 4.8
Exposure tocold 3.70 5.3
lto3°C
Midcooling: 2.32 1.7 9.1 0.2 30.0
20°C.
Heat40C. 4lAl 1.0 64.3 2.5 28.6 1.8
afterrapid
thawing at42'C.
Rapid thawing 0.39 4.2 84.2 4.3 73.7 6.2
Etamon chloride 2.02 0.6 70 2.4 95.0 1.7
Rapid thawing 0.03 6.5 100 7.2 38.9 13.5
plus Etamon
chloride
Heparinq. 3 hrs. 0.73 2.9 72.2 3.5 38.9 2.8
Heparinq.4hrs. 2.09 0.9 33.3 0.2
gangrene are of little importance, since a Symes or leg amputation will
be required in any case.
Discussion
In 1917 Lake"4 made a distinction between severe and mild cold
injuries in respect to the conditions of their production, pathology, prog-
nosis, and, consequently, their treatment. Working with tissue cultures,
he observed that cells exposed to temperatures below -5°C. froze and
were destroyed. This injury he termed true frostbite and assigned to it a
hopeless prognosis incapable of being altered by any form of treatment.
Lake further reported that cultures survived longer when exposed to
temperatures between -5O and +5'C. than at any other temperature
below +15°C. This observation was interpreted as indicating that in
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
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this temperature range the processes of anabolism and catabolism were
almost completely inhibited by the cold. The gangrene that clinically
follows such chilling, he stated, was due to the vascular stasis resulting
from the edema formed when the arteries, intensely constricted during
the exposure, relaxed and conveyed blood at high pressure to the
capillaries. Therefore, Lake advocated in all cases of mild cold injury
the use of slow thawing, or rapid thawing with control of the arterial
tonus by the administration of strychnine or ergot.
More recently Greene"1 has presented a similar view differing from
that of Lake in that he saw no constant relationship between the extent
of edema formation and the subsequent necrosis. He emphasized the
anoxia resulting from "silting" of the erythrocytes in the vessels of the
injured tissue as thesignificant andirreversible factor in thepathogenesis
of gangrene. When the exposure to cold had not been severe enough
to produce occlusion of the vessels in this manner, he explained the
tissue damage in much the same way as Lake had done. On the basis of
the latter's workGreene1" advised placing frostbitten limbs in an atmos-
pheric temperature of from 20 to 5°C. in an effort to save the less
severely injured portions. He reasoned that under these conditions the
metabolism of the tissues was depressed sufficiently to be commensurate
with the blood supply. At the same time the arteries would be kept con-
stricted thereby decreasing edema formation. This method of treatment
has not been given adequate experimental trial, although it was applied
to many cases of cold injury during the recent war. In these instances
the observations were for the most part uncontrolled or involved an
unsignificantly small series. Conflicting results were reported. Crismon
and Fuhrman6 found in experimental frostbite that, in conjunction with
the application of plaster casts, cooling slightly improved the results
obtained from casts alone.
To test the merits of the use of cold in the treatment of injuries due
to cold wesubjected thefrostbitten tailsofmiceto atemperature offrom
10 to 3'C. for 3 days. The results show that this form of treatment pro-
duced a greater loss of tissue than that observed in the untreated control
group of mice. The superior results obtained in the series treated in the
same cages at 400 and 20°C. demonstrate that confinement was not
the significant variable in this experiment; the animals were treated
identically except for the temperature to which the frostbitten tails were
exposed. Although an effort was made to maintain proper body tem-
perature of the animals by applying external warmth several died; pos-
sibly the prolonged cooling of the tail may have been a contributing
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factor. This consideration mayhave influenced the survival of the frozen
tails adversely. It is probable that the brevity of the treatment did not
alter the end results. Arteriography performed on 2 mice, while techni-
cally not perfect, suggested that the vessels in the frostbitten tissue were
occluded and that the tail was merely preserved temporarily in a non-
viable state by refrigeration. The extremely rapid development of
gangrene after restoration of the tails to room temperature supported
this thesis.
The advocates ofthe treatment ofcold injuries with cold maintain as
a corollary that heat should never be applied to a frostbitten extremity.
It has long been stated that heat increases tissue loss.9 15 However,
Ariev3 andHarkinsandHarmon12 reported thatthefrozen limbsofdogs
and rabbits developed lessgangrene when rapidlythawed in warmwater
than when slowly warmed in cold water. More recently Crismon and
Fuhrman5 obtained excellent results in the prevention of gangrene in
the ears of rabbits treated in this way. These workers observed that the
appearance of stasis due to silting of the erythrocytes was delayed with
this treatment until maximal edema had developed.
In our experience rapidly warming the frostbitten tails gave very
good results. The results were statistically significant whether judged
by the mean loss from gangrene, by the number surviving with minimal
loss of tissue, or by the number in which no gangrene resulted.
Investigating further the use of heat in the treatment of cold in-
juries, the frostbitten tails of another group of mice were first rapidly
thawed and then maintained in an atmospheric temperature of 40°C.
for 3 days. This form of therapy was definitely less effective than rapid
thawing alone, although it produced "probably" significant improve-
ment over the controls, especially as regards confining gangrene to the
distal 1 cm. of thetails.
Other authors2 have supported a compromise between the extremes
of using heat or cold and have advocated placing frostbitten limbs in
an atmosphere only slightly cooler than that of the ordinary room.
Therefore, we treated some mice solely by exposure of the tails to a
temperature of 20°C. for 3 days. They fared slightly worse than the
control series of mice, although the difference was not statistically
significant.
The concept that frostbite should be treated by delaying the appear-
ance of stasis through the production of vasodilatation has led to the
trial of methods of accomplishing this end other than by the direct ap-
plication of heat. Interruption of the sympathetic vasoconstrictor nerve
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impulses to the injured part has received some attention. As we have
mentioned elsewhere,16 several investigators have reported good results
from sympathetic anesthesia or sympathectomy. Unfortunately, many
of these experiences have been with thedelayed rather than with the im-
mediate treatment of human frostbite. Crismon and Fuhrman4 per-
formed single procaine stellate ganglion blocks in rabbits with frost-
bitten ears and observed a delay in the development of stasis and
gangrene, but no diminution in the extent of tissue loss. Those workers
who consider edema as primarily responsible for gangrene condemn
the procedure. They point out that the tissue damage becomes most
evident immediately after thawing when the part is already hyperemic
and at a time when they presume the sympathetic nerves are rendered
functionless. They believe that edema formation would be increased and
tissuemetabolism elevated ifvasodilatation were induced by interruption
of sympathetic impulses. They have, therefore, thought sympathetic in-
terruption would probably not be effective and would be harmful if it
were effective. Contrary to this view, it has been claimed that there is no
evidence that any increase in metabolism would outweigh the advantage
of an increased blood supply, and that the greater edema formation
could becontrolled by other measures.2
We studied the effect of vasodilation produced by blocking the
vasoconstrictor impulses in the sympathetic ganglia with the tetraethyl-
ammonium ion. Although the release of vasoconstriction thus achieved
was more prolonged than that obtainable with a single block of a para-
vertebral ganglion, it probably was not as persistent or complete as the
vasodilatation produced by extirpation of the ganglia supplying the
frozen extremity. Nevertheless, the results in the series of mice treated
with this drug indicated that this form of therapy was probably bene-
ficial. Statistically, the improvement over the control series was not ap-
parent from analysis of mean loss of tissue and was only ttprobably"
significant as judged from the standpoint of good results obtained, due
in part at least to the small number of animals used.
Guided by thefavorable resultsobtainedby using rapid thawing and
tetraethylammonium chloride, it was decided to try both of these
measures simultaneously. Both are means of producing vasodilatation,
the first immediately and transiently, the other more persistently; so it
was expected that together their effect would be additive. The results
bore out this expectation. Gangrene was completely prevented in all but
asingle animal which lostonly thetipof his tail. The difference between
this series and the controls was so definite that there could be no doubt
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as to the value of the treatment.
Since the beginning of this century there has been a divergence of
opinion among the students of frostbite as to the r6le of thrombosis in
the pathogenesis of gangrene as a sequela to this injury. This question
attained practical significance with the introduction of anticoagulants
into clinical medicine. In 1947 Friedman, Lange, and Weiner8 observed
that necrosis did not occur in frostbitten tissue until the silted erythro-
cytes, as reported by Greene, had fused to form thrombi and that ade-
quate heparinization prevented this thrombus formation and the subse-
quent gangrene in all instances. Shumacker and White1" were able to
reproduce their results in only approximately 25 per cent of their
animals, although they employed a less severe cold injury and more ade-
quate heparinization. Others7 '7 reported anticoagulants to be of no
value whatsoever.
We treated two series of mice with heparin, one on a three-hour and
the other on a four-hour schedule. The latter must be considered as in-
adequate therapy since the clotting time fell to within normal limits
between injections; the mice so treated developed as much gangrene as
did thecontrols. However, the othergroupreceiving morevigorous treat-
mentshowed asignificantly greatersurvival of frostbitten tissuethanwas
observed in the control series. About 40 per cent of the mice failed to
develop any gangrene.
Therefore, in these experiments rapid thawing and tetraethylam-
monium ion together and alone and heparin alone were found to be the
most effective measures in preventing gangrene as a sequela to frostbite.
The use of cold was definitely harmful, and continued mild heat was
of little value. Since rapid warming, etamon chloride, and heparin are
moderately effective when used alone, neither of the conditions that
these agents attack canbe overlooked in a consideration of the functional
pathology of frostbite. Heparin inhibits thrombosis. Rapid thawing and
blocking of sympathetic ganglia, according to Crismon and Fuhrman,
delay the appearance of stasis by increasing the blood flow to the frost-
bitten part through vasodilatation. Consequently, the findings of these
experiments support the view that gangrene is the result of direct cold
injury to ischemic tissues with subsequent obliteration of the arterial
tree by thrombosis, as has been proposed elsewhere.'8 The quick restitu-
tion ofblood flow tothe frozen extremity by rapid thawing and its main-
tainance by sympathetic interruption both decrease the duration and
prevent the recurrence of ischemia. A combination of rapid thawing and
continued vasodilatation, in this instance accomplished with etamon
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chloride, produced the most favorable results in our experiments. An
attempt was made to add heparin to this course of therapy, but the com-
bination of the two drugs resulted in almost 100 per cent mortality rate.
In the case of more severe cold injuries than were inflicted in this
study, the methods of treatment employed here do not seem to be effec-
tive. In such cases of severe exposure in which the outcome cannot be
altered favorably it would seem logical to assume that irreversible
damage has been done to the cells by the direct action of cold, as set
forthbyLake."4 Itispossible, ofcourse,thatthis conceptmay bechanged
in the future by demonstration of successful treatment in cases of this
sort.
Summary and conclusions
Several concepts of the pathogenesis of gangrene following frostbite
andthetherapeuticmeasures suggestedtopreventithavebeenpresented.
These methods for the early treatment of frostbite have been applied to
a standard cold injury of the mouse tail and the relative efficacy of each
determined. Rapid thawing of the frozen extremity and immediate ade-
quate heparinization have been found to be moderately effective when
used alone, while blocking of the sympathetic ganglia with tetraethyl-
ammonium ion was possibly also of some benefit. The prolonged main-
tainance of vasodilatation by the administration of tetraethylammonium
ion after initial rapid thawing produced the most favorable results.
Rapid thawingfollowed by the continued direct application of mild heat
was found to be of less value than was rapid thawing alone. The early
treatment of frostbite in the mouse by the local application of cold
resulted in an increased loss of tissue. The suggestion is made that these
results support the view that the gangrene following frostbite is due to
the direct effect of cold on ischemic tissue with subsequent obliteration
ofthe arterial treebythrombosis.
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